Intersexes are widespread among crustaceans, having been found in amphipods, isopods, mysids, decapods, and copepods (GinsburgerVogel, 1975; Sillett and Stemberger, 1998; Yamashita et al., 2001) . In some species, intersexes are failed breeders (Rigaud and Juchault, 1998) , whereas intersexes of other species are capable of breeding but have reduced reproductive success relative to males or females (e.g., Dunn et al., 1996) . Morphological and anatomical investigations have shown that intersexes may function as females (Dunn et al., 1994) , males (Jobling et al., 2002) , or either sex (Bulnheim, 1975) . There is also evidence that intersexes may develop in relation to a number of different factors, including microparasites, pollutants, secondary sexual development, or environmental cues (Ginsburger-Vogel, 1991; Dunn et al., 1994; Rudolph, 1995; Jobling et al., 2002) .
That intersexes occur in the intertidal amphipod Corophium volutator (Pallas) has long been known (Watkin, 1941) . This amphipod is common in soft-bottom intertidal zones in North America and Europe, where it functions as a key species in its community. Specifically, C. volutator serves as the main prey item for millions of shorebirds, flatfish, and polychaete worms; influences the stability of sediments; and alters infaunal community structure (reviewed by McCurdy, 1999) . Despite the importance of C. volutator and evidence of recent declines in certain populations (Mouritsen et al., 1998) , the morphology of intersexes in this species was described only recently (Barbeau and Grecian, 2003) . Whereas males possess long second antennae and females possess short antennae, intersexes possess antennae that are intermediate in length and contain either male or female features (Barbeau and Grecian, 2003) . Intersexes also possess penial papillae (found on males) and oostegites (found on females). Herein, we provide evidence that certain forms of intersex C. volutator may function as males. This function is significant because males are thought to be the limiting sex in this species due to an extreme sex-ratio bias (5-30 females per male) and male mate choice (Forbes et al., 1996; McCurdy et al., 2000a, b) . Even when intersexes comprise only a small proportion of amphipod populations they are likely to be numerous given that amphipod densities may exceed 20,000 m À2 (McCurdy, 1999) . We explored intersexuality in C. volutator using observational and experimental approaches. Intersex C. volutator typically do not carry broods of eggs or embryos, so they do not function as females (Barbeau and Grecian, 2003; unpublished data) . To explore the possibility that intersexes might function as males, we paired them individually with receptive female amphipods. We also quantified costs of intersexuality by comparing brood sizes of females that mated with male amphipods versus those that mated with intersexes. Because female C. volutator do not store sperm across molts (McCurdy et al., 2000a) , we could be certain that any eggs produced by newly-molted (receptive females) were fertilized by the males or intersexes used. A similar approach has been used previously to explore reproductive success of male C. volutator (McCurdy et al., 2000b) and intersexuality in other amphipods (e.g., Bulnheim, 1975) . We also dissected intersexes to compare their anatomy to male and female C. volutator and related these results to types of intersexes that occur in other amphipods.
MATERIALS AND METHODS
To determine the functional significance of intersexes in Corophium volutator, we collected 33 intersexes, 61 males, and 93 females from the mudflat at Blomidon, Nova Scotia, Canada (458139N; 648229W) on 6 and 7 July, 2003. Amphipods were collected by breaking apart sections of mud along the surface and removing them from burrows (cf. McCurdy et al., 2000b) . Only adult amphipods (. 5 mm; McCurdy et al., 2000a) were retained for use in experiments. Amphipods were transported to Acadia University, Wolfville, Nova Scotia, and held in artificial seawater (Instant Ocean, Aquarium Systems Inc.) at 188C.
In the laboratory, we anesthetized each amphipod in mineral water and examined it under a dissecting microscope to determine whether it was a male, a female, or an intersex. We defined males as amphipods that possessed a pair of penial papillae and no oostegites; females had oostegites and no penial papillae; and intersexes had one or two penial papillae and oostegites (Bulnheim, 1975 ; see also Barbeau and Grecian (2003) for comparisons of males, females, and intersexes with respect to antennal characters). Each amphipod was then housed individually in a 20 3 150 mm culture tube lined with mud and filled with artificial seawater. We also treated the seawater with antibiotics (100 lg/mL of Streptomycin Sulfate and Penicillin-G) to reduce mortality of amphipods caused by excessive bacterial growth (McCurdy et al., 2000b) . Amphipods were checked daily for the presence of molts, which signal the onset of reproductive receptivity in females, but not males (McCurdy et al., 2000a) . All females that molted were immediately paired at random with either a male amphipod or an intersex amphipod. After an additional 24 h, we separated each pair of amphipods and examined the female for the presence of any fertilized eggs in her brood pouch, which were counted (unfertilized eggs appear as dark yellow and are aborted soon after mating; McCurdy, 1999) . Each amphipod was then measured (rostrum-telson length), and intersexes were dissected to observe the anatomy of their reproductive systems.
In considering the reproductive output of intersexes, we divided them into two types based on observations of external characteristics (Schneider et al., 1994) . One form we observed possessed nonsetose oostegites (Type I; observed in previous studies of C. volutator intersexes; Barbeau and Grecian, 2003) , and a second, previously unknown form of intersex possessed oostegites bearing setae (Type II; Fig. 1 ). Only one amphipod died during the experiment (a Type II intersex that died before being paired with a female). To compare brood sizes of females that became ovigerous after pairing with males versus intersexes, an Analysis of Covariance (ANCOVA) was used that included female body size as a covariate.
RESULTS
Intersexes comprised 3.3% of the amphipods collected at Blomidon, Nova Scotia (n ¼ 1000). None of the intersexes collected for use in experiments held broods of eggs or embryos. In our experiment, we observed that 72% (n ¼ 61) of females paired with male amphipods became ovigerous and 59% (n ¼ 32) of females paired with intersex C. volutator became ovigerous, a difference that was not statistically significant (Log-linear test of independence; G ¼ 1.56, d.f. ¼ 1, ns). Using an ANCOVA, we found that sizes of broods produced by females when paired with intersexes were smaller than sizes of broods produced by females that mated with males (intersexes: x x 6 SE ¼ 54.63 6 5.03; males: 68.14 6 3.30; model R 2 ¼ 0.42, d.f. ¼ 2,60, P , 0.0001; main-effect for males versus intersexes: F ¼ 5.52, P , 0.05). Larger females also produced larger broods (covariate for female body size: F ¼ 35.58, P , 0.0001). Body sizes of males versus intersexes that were paired with females did not differ (t ¼ 1.74, d.f. ¼ 92, ns). Considering overall reproductive output of females, those paired with intersexes produced broods that were, on average, a third smaller than those produced when females mated with males. Specifically, females paired with Type II intersexes (n ¼ 12) produced smaller broods than those paired with Type I intersexes (n ¼ 20) or males (n ¼ 61) (F ¼ 4.85, d.f. ¼ 2,90, P , 0.01; Fig. 2) .
We observed that all Type I intersexes, which possessed an external pair of penial papillae, also had a pair of testes internally (Fig. 3) . No ovaries were observed in any of the Type I intersexes. In contrast, most Type II intersexes (11 of 13) possessed only a single penial papilla, with no difference in the likelihood of its presence on the left (n ¼ 5) versus right (n ¼ 6) side of the body. When dissected, these Type II intersexes were observed to have testes connected to all penial papillae that were present externally, but on body sides where penial papillae were absent they possessed ovaries containing malformed eggs that were smaller than those of females. The two Type II intersexes that possessed pairs of penial papillae externally also possessed pairs of testes internally.
DISCUSSION
We observed experimentally that intersex Corophium volutator can function as males. This result is significant because previous studies have shown that male limitation may occur in populations of this species because of synchronous and short-term receptivity of females and extreme female-biased sex ratios (Schneider et al., 1994; McCurdy et al., 2000a) . Because intersexes may be mistaken as females (Barbeau and Grecian, 2003) , we suggest that the number of functional males in populations of C. volutator might be underestimated. Although most females in nature are ovigerous during the summer (McCurdy et al., 2000a) , we found no evidence that intersexes function as females, as none were observed to be ovigerous or receptive to mating. A similar finding was reported by Barbeau and Grecian (2003) , who observed no ovigerous intersexes among more than 7000 amphipods examined from four field sites. Furthermore, none of the intersexes molted in the laboratory, which is a requirement for female receptivity (McCurdy et al., 2000a ; females molted frequently during our study whereas males did not). One of us (S. Mautner) has observed a single Type II intersex from another site that contained a small brood, but this phenomenon appears to be rare (, 5% of all intersexes).
We observed that the level of reproductive function of the most common form of intersex (Type I) did not differ from that of male amphipods. In contrast, Type II intersexes appear to pay a cost of intersexuality in the form of lower fertilization rates among mates. This result is not surprising given the absence of a full pair of testes in most of these amphipods and is supported by observations of limited male function in intersexes of the amphipod Gammarus duebeni Liljeborg that lack a testis (Bulnheim, 1975) . Given other differences between intersexes and males (e.g., short second-antennae; Barbeau and Grecian, 2003) , it seems likely that intersexuality might impose other costs on amphipods in the field (e.g., mate-searching and mate-guarding; Forbes et al., 1996) . Future studies should attempt to quantify such costs of intersexuality.
There are several mechanisms that might cause intersex development in C. volutator. In G. duebeni amphipods, microsporidian parasites transform genetic males into functional females (Bulnheim, 1975; Ginsburger-Vogel, 1991; Dunn et al., 1994) . Bulnheim (1975) found that such parasites were associated with developmental abnormalities in G. duebeni that resulted in forms similar in their anatomy and morphology to the Type II intersexes we describe above.
Another factor responsible for intersex development is environmental sex-determination, which may relate to photoperiod or temperature (Dunn et al., 1996; Ginsburger-Vogel, 1975) , and even interact with parasitic sex-determination (Rigaud and Juchault, 1998) . Endocrinedisrupting chemicals may also be a contributing factor to intersex development (e.g., Jobling et al., 2002) and are associated with imposex development on the mud snail Ilyanassa obsoleta (Say), a species that co-occurs with C. volutator (Curtis, 1994) . Secondary sexual development can result in intersexual forms in some crustaceans (e.g., Rudolph, 1995) , but breeding experiments suggest that the sex of individual C. volutator is determined early in development and remains stable throughout the life of this amphipod (M. R. Forbes, unpublished data) . Further research on the distribution and development of intersexes will help researchers determine functional sex ratios in crustacean populations and elucidate consequences of sex-ratio distortions at the population and community levels (e.g., Kelly et al., 2001) .
